Quantum confinement (QC) typically assumes a sharp interface between a nanostructure and its environment, leading to an abrupt change in the potential for confined electrons and holes. When the interface is not ideally sharp and clean, significant deviations from the QC rule appear and other parameters beyond the nanostructure size play a considerable role. In this work we elucidate the role of the interface on QC in Ge quantum dots (QDs) synthesized by rf-magnetron sputtering or plasma enhanced chemical vapor deposition (PECVD). Through a detailed electron energy loss spectroscopy (EELS) analysis we investigated the structural and chemical properties of QD interfaces. PECVD QDs exhibit a sharper interface compared to sputter ones, which also evidences a larger contribution of mixed Ge-oxide states. Such a difference strongly modifies the QC strength, as experimentally verified by light absorption spectroscopy. A large size-tuning of the optical bandgap and an increase in the oscillator strength occur when the interface is sharp. A spatially dependent effective mass (SPDEM) model is employed to account for the interface difference between Ge QDs, pointing out a larger reduction in the exciton effective mass in the sharper interface case. These results add new insights into the role of interfaces on confined systems, and open the route for reliable exploitation of QC effects.
Introduction
Quantum confinement in semiconductor nanostructures has attracted much attention in the past decade for the optimization of solar energy harvesting through bandgap modulation and for the development of novel high-efficiency devices. 1 In particular, tunable light absorption and emission in Si and Ge quantum dots (QDs) attracted significant interest for the development of solar cells, 2,3 energy-tunable photodetectors, [4] [5] [6] optical modulators 7 and optoelectronic devices. 1, 8 Despite the recent progress in fabrication of nanostructurebased devices, a complete understanding and reliable control of the quantum confinement effects (QCE) occurring in semiconductor nanostructures are still under debate, even if they are often ascribed to the nanostructure size only. [9] [10] [11] When nanostructure dimensions become smaller than the exciton Bohr radius (r B , ∼5 nm in Si and ∼24 nm in Ge 12 ), the bandgap (E g ) widens and the oscillator strength (O s ) increases due to stronger overlapping of electron-hole wave-functions. 9 Many relevant papers emphasized that nanostructure size matters. 10, 11, 13 Still, it seems to be not the only parameter driving QCE, whereby, a real understanding of the interplay with an interface role is often underrated. 14 This led to contrasting results in the literature, as even when the QD size is fixed, different QCE (in terms of E g and/or O s ) appear. Several studies demonstrated how the optical properties of Si nanostructures can be varied by solely managing the nanostructure shape, 15 the QD crystalline structure, 16, 17 or the potential barriers surrounding the QD. [18] [19] [20] Even though a multilayerednanostructure approach and an appropriate surface passivation could allow an efficient control of QCE via size-tuning only, 13 the optical properties of confined systems can be † SC contributed to sample processing, characterization, data analysis and interpretation, and drafted the manuscript. AMM performed STEM and EELS analysis, together with data interpretation. EGB contributed to data interpretation and conceived SPDEM model. RR contributed to sample characterization, data analysis and interpretation. RB and AA provided PECVD samples. MM synthesized sputter samples. GN and CS provided STEM and EELS analysis facilities and helped in data interpretation. AT and SM conceived the study, coordinated the work, contributed to data interpretation and revised the manuscript. 14 An even more puzzling scenario appears for the optical properties of Ge nanostructures. Takeoka et al. observed a clear size-dependence of the near infrared photoluminescence from Ge nanocrystals embedded in the SiO 2 matrix due to QCE. 22 Zacharias et al. reported on a similar system with a broad sizeindependent blue-PL emission not attributable to the radiative recombination of the confined excitons, but rather to the contribution of defects at the nanocrystal/matrix interface or in the matrix. 23 A similar behavior holds for light absorption, whereby, Bostedt et al. reported on strong QCE in the conduction band of Ge QDs in SiO 2 observed by X-ray absorption spectroscopy. 24 In previous studies, we also experimentally observed that the stoichiometric quality and type of the matrix surrounding the QDs can modify the QCE occurring in these systems. 4, 25 In particular, the amount of defects at the QD interface strongly modifies the size-dependent variation of E g , which cannot be solely modelled through the standard effective mass approximation (EMA) theory. 4, 26, 27 In addition, both theoretical and experimental studies suggest a reduction of the effective mass (EM) in confined structures with respect to the bulk values. [28] [29] [30] Still, the QD dimension as well as the matrix-nanostructure interface play paramount roles in the modification of EM. Very recently, a reduction of the carrier EM was experimentally observed for Si nanocrystals embedded in oxide and nitride matrices by EELS analysis. 29 Given the abrupt change in electronic potential occurring at the interface, a suitable model is needed to describe the QCE on EM. Barbagiovanni et al. proposed a spatially dependent effective mass approximation (SPDEM) model as a correction of the standard EMA to describe the influence of the interface in the bandgap of Si and Ge QDs. 26 Thus, it is clear that a reliable control of QC in QDs requires a deeper investigation of what occurs at the interface, in terms of bonds and defects, and it is essential to disentangle the role of the size from interface effects, if any, and identify the extent of each contribution. For these reasons, in this work we focus on the interface of Ge QDs in SiO 2 and their interplay in the confinement effects occurring in the light absorption process. By comparing Ge QDs grown by PECVD or sputter techniques, we demonstrate how a different interface can largely modify the size-dependent tuning of the bandgap and oscillator strength. We explain our results through the SPDEM-modified EMA model, shedding new light on the role of a QD-matrix interface, which in essence reveals its key role in building the confinement potential for excitons. These results open the way for a reliable control of QCE and their exploitation for future nanostructurebased devices.
Experimental
Ge QDs in the SiO 2 matrix were synthesized through the deposition of Ge-rich silicon dioxide thin films (hereafter denoted: SiGeO) by PECVD or rf-magnetron sputtering on quartz or Si substrates. Post-deposition thermal annealing under a N 2 atmosphere induced the nucleation and growth of Ge QDs. 27 The Ge concentrations in the SiGeO films were varied by controlling the rf power of the Ge target (for sputter) or the flux of the precursor gas (GeH 4 , for PECVD). The atomic composition of SiGeO films was measured by Rutherford Backscattering Spectrometry (RBS). Details on the SiGeO deposition, Ge diffusion, QD growth and structural order of Ge QDs are given in ref. 4, 25, 33 . The presence and the size distribution of Ge QDs were evaluated by cross sectional transmission electron microscopy in scanning mode (STEM) analysis.
Low-loss electron energy loss spectroscopy (EELS) analysis and high angle annular dark field (HAADF) micrography were performed on individual Ge QDs in SiO 2 , using a subangstrom ARM200F STEM operated at 60 kV in order to reduce the beam damage on samples. The instrument was equipped with a probe-corrected C-FEG, able to reach an energy resolution of 0.35 eV, and a GIF Quantum ER for EELS. The probe convergence semiangle was 30 mrad and the collection semiangle was set to 53 mrad in order to minimize the acquisition time and maximize the signal to noise ratio.
SiGeO films were thinned by a standard cross-sectional technique and mechanical polishing followed by Ar + ion milling at 2.5 keV (Gatan PIPS). The uniform thickness of the TEM lamella was estimated through STEM-EELS measurement. The thickness of the lamella was estimated through STEM-EELS by the log-ratio method, 34 which gives the thickness in units of total mean free path for all inelastic scattering (λ). In order to obtain an absolute measurement we considered only regions inside the SiO 2 matrix in which the value of λ is well known. The measurement was repeated in several regions of the TEM lamella for both samples, in order to quantify any possible thickness variation. For both the PECVD and sputter samples we quantified a mean thickness of 35 ± 5 nm. All the STEM-EELS measurements were performed by using the Gatan STEM EELS spectrum imaging (SI) tool in regions of the sample where the QDs do not overlap each other, in particular EELS line-scan acquisitions were performed across the core, interface and matrix region of two individual QDs having a similar dimension. The SI tool moves the probe systematically along the sample over a selected region of interest and the resulting EELS spectra are collected in a data box pixel-by-pixel, allowing advanced spectral post-processing to be performed for every pixel. Every single EELS spectrum had an energy resolution of 0.7 eV FWHM, 1.1 Å probe size, 50 pA of electron beam current, 20 ms of acquisition time, and the pixel size was 0.1 × 0.1 nm 2 . The interface thickness of PECVD and sputter Ge QDs was calculated through a line-scan analysis of high resolution HAADF STEM micrographs using the Z-contrast signal variation across the dia-meter of a single QD in SiO 2 . This approach was repeated for several QDs with a size in the 3-7 nm range (Fig. 1S of the ESI ‡). The optical absorption spectra were determined by combining the transmittance and reflectance of SiGeO thin films deposited on quartz, acquired using a Varian Cary 500 doublebeam scanning UV/visible/NIR spectrophotometer, as described in ref. 20, 25. Results and discussion Fig. 1 3 . This value corresponds to a typical mean distance of about 3 nm between the surfaces of two adjacent QDs, which is in agreement with the QD distributions shown in Fig. 1 . In order to provide a comprehensive structural and chemical analysis of the QD interface, we performed a detailed investigation by the low-loss (5-70 eV region) EELS technique, moving from the matrix to the core region of the single QD (Fig. 2) . We accurately selected regions of the SiGeO films where QD size distribution was comparable. Moreover, we chose QDs not smaller than 4-5 nm to minimise any resolu- tion deterioration effect due to plasmon delocalization, which usually is in the 1-2 nm range. 35 As shown in the insets of Fig. 2 , moving from the SiO 2 matrix to the QD core region results in a clear modification of the EELS spectra. This is a direct signature of the different chemical contributions around the QD that are probed by the electron beam. In fact, the overall EELS spectrum contains several contributions coming from the plasmonic excitation of Ge, surrounding the SiO 2 matrix and Ge oxide states. 36, 36 In particular, the two main components are related to the volume plasmon of the Ge QD (centered at 16-17 eV) and the excitation of the volume plasmon of the SiO 2 matrix (23-25 eV). The latter component gives another broad contribution peaked at around 46 eV due to the double plasmon loss in SiO 2 . 37 The remaining components are related to the inter-band transitions of the GeSiO 2 hetero-structure (5-10 eV range) and to the broad M 4,5 ionization edge of Ge QD, starting at around 29 eV. This latter contribution gives important information on the chemical arrangement at the interface of Ge QDs. In order to obtain a quantitative estimation of these features, the different components of the spectra were deconvoluted through Voigt fitting (see insets in both panels). Since our EELS spectra contain several contributions, we chose fixed values of the peak and FWHM of the different contributions, in accordance with the values reported in the literature. Therefore, the only free fitting parameter is the area of the different peak contributions, while the overall fitting inaccuracy is <5% (see Fig. 2S and 3S in the ESI ‡). From a closer comparison of the EELS spectra in the core region of the sputter [ panel in Fig. 2(a) ] and PECVD [ panel in Fig. 2(b) ] samples, different features are clearly visible, as a lower contribution of SiO 2 volume plasmon appears for the latter. Moreover, both sputter and PECVD QD spectra denote the presence of a broad peak centered at around 36 eV related to Ge-oxide (GeO x , x ≤ 2) species. 38 Indeed, the sputter film seems affected by a larger fraction of GeO x species with respect to the PECVD one. In fact, given the areas of Ge-O contribution (A Ge-O ), the Ge-Ge M 4,5 band (A Ge-Ge ) and the Ge volume plasmon peak (A Ge-pl ), the amount of Ge-oxide species [here quantified as:
for the sputter sample (F sputter Ge-O ∼ 16 ± 2%) appears to be twice that for the PECVD one (F PECVD Ge-O ∼ 8 ± 1%). The consistency of this behavior was systematically evidenced in several QD regions through Voigt fitting, which verified the presence of larger Ge-O peaks in sputter QDs with respect to PECVD ones (see Fig. 2S and 3S in the ESI ‡). Such a result evidences chemically different interfaces among PECVD and sputter QDs, with a relatively large amount of Ge-oxide states in the latter.
In order to give more insight into the structural arrangement around the QD interface, we performed line-scan acquisitions of the Z-contrast signal of high resolution HAADF STEM micrographs of Ge QDs in SiO 2 with size in the 3-7 nm range. The intensity of the HAADF signal mainly depends on the atomic number, Z, of the observed atomic species. Therefore, by considering the intensity of the Z-contrast signal across the QD diameter, it is possible to get reliable results on the interface thickness of our Ge QDs in SiO 2 . Fig. 3 shows the typical profile length of the Z-contrast signal obtained from the matrix to the core region of two sputter and PECVD Ge QDs of ∼3.5 nm size (QD evidenced with D and B letters in Fig. 1S of the ESI ‡). The intensity of the Z-contrast signal increases with a characteristic length Γ, while moving from the matrix to the core region of the QD. This increase contains a "sphere-shape" contribution (coming from the shape-dependent SiO 2 thickness around the QD that is probed by the scanning electron beam, as shown in Fig. 3 ) and the intrinsic thickness of the interface shell. Given that the QD diameter is about 3.5 nm for both samples, Γ is expected to be at least as large as half the diameter, for the "shape" contribution, with the exceeding portion ascribable to the interface thickness. By fitting the SiO 2 plasmon-loss signals with sigmoid functions ( f (x) = (1 + e −(x−x0)/Γ ) −1 , where x 0 represents the point of inflection of the sigmoid function and Γ the characteristic length of the function increase), we estimated Γ of 2.6 ± 0.1 nm for the sputter and 2.0 ± 0.1 nm for the PECVD sample. These values point out that a fairly sharp interface can be assumed only for the PECVD case, while a thicker shell made of a larger contribution of oxides is evidenced for the sputter sample. Such behavior was observed for all the investigated QDs in our analysis (see Fig. 4S and 5S in the ESI ‡). The different interface shells, experimentally observed by STEM-EELS analysis on several investigated QDs, should be considered as an average difference present between the sputter and the PECVD Ge QD. Therefore, high resolution STEM-EELS technique demonstrated a chemical and a physical difference in the QD-matrix interface among sputter and PECVD Ge QDs, with the first ones thicker and richer in Geoxides than the latter ones. The presence of such an interface shell and its variation with the synthesis technique, in terms of thickness and stoichiometric oxide quality, is of utmost importance for the strength of carrier confinement occurring in nanostructures. For these reasons, we studied the light absorption of Ge QDs in SiO 2 to investigate if, and to what extent, the observed interface difference between sputter and PECVD samples can influence the strength of QCE. We evaluated the experimental absorption cross section from direct optical transmission and reflectance spectra of Ge QD films, as discussed in detail in ref. 4, 16 . The absorption cross section gives the probability of photon absorption normalized by the Ge content, 20 thus representing an intrinsic property to be compared among different samples. Fig. 4 describes the competition between quantum confinement and interface effects occurring in the light absorption process of Ge QDs synthesized with different techniques. The inset of Fig. 4(a) shows the spectra of absorption cross section for sputter and PECVD films with different sizes of Ge QDs. A clear size-dependent shift of the absorption edge due to QCE is observed for both sets of samples. However, a different size-dependent shift of the absorption edge also appears, with PECVD QDs exhibiting a larger blue-shift than sputter QDs. These results indicate that the light absorption of these systems is not set by the size only and may be largely influenced by the interface. When the interface is sharp enough a stronger role of QCE is expected, as we observed. Indeed, the absorption cross section is closely connected to the optical bandgap E g and the oscillator strength O s of k-allowed transitions in the Brillouin zone (BZ) through formula (1): 39, 40 σðωÞ
where ρ is the concentration of absorbing centers, n is the refractive index of the material, μ 0 is the exciton EM, while the integral represents the joint density of states (JDOS) in valence and conduction bands involved in the absorption of a photon with energy ħω = E c − E v = E g . According to the Tauc formalism, under the hypothesis of parabolic band edges and optical inter-band transitions between quasi-localized states eqn (1) can be rewritten as:
is directly proportional to the oscillator strength of the optical transition, O s , and thus represents an estimation of the efficiency of light absorption. 42 Thus, it is possible to reliably determine E g and O s of nanostructures directly from their absorption cross section σ, as extensively discussed in ref. 4, 41, 43 . We employed this analysis to experimentally measure E g and absorption efficiency of our Ge QDs. Fig. 4(a) shows the experimental values of E g for Ge QDs, revealing a different behavior between the two sets of samples. In fact, PECVD QDs show a larger tuning of E g with QD size, while a reduced energy dispersion appears for sputtered QDs. Moreover, the experimental tuning of E g is not in good agreement with the standard EMA model [E g 
where A is the confinement parameter A = πħ 2 /2μ 0 = 7.88 eV nm 2 ; ref. 43] , which actually does not fit into any of the two data series [ Fig. 4(a) ]. This result is a direct consequence of the different interfaces observed by EELS analysis between the two types of QDs. In fact, the EMA model is usually used to describe carrier confinement in sharp and square-like potential barrier systems, considering bulk values of EM and neglecting any effect caused by a spatially-graded confinement potential V c (x), typical in the case of an interface shell between the QD and the matrix. In order to describe the effect of the interface, we developed a correction to the EMA model through a spatially dependent effective mass (SPDEM) formalism. 26, 45 The SPDEM model is directly related to the potential V c (x) for confined carriers and describes the effect of V c on the EM, through the dispersion relationship: . 26, 43 The inclusion of the SPDEM into the EMA model gives better agreement between the theory and the experiment, as shown in Fig. 4(a) . In particular, V c,e and V c,h were determined as fitting parameters in ref. ∼ 0.9 eV, V sputter c,h ∼ 2.8 eV). Moreover, it should be noticed that the potential offset extracted from the fit of PECVD QDs is close to the energy offset between Ge/GeO 2 (V 0,e = 1.2 eV and V 0,h = 3.6 eV), 46 confirming the higher Ge-oxide quality already indicated by the EELS analysis. Moreover, a sharp interface potential is correlated with a larger reduction in the EM, which gives rise to an increased energy dispersion through eqn (2) . Therefore, PECVD QDs are closer to an ideal-like system, with a very sharp interface mostly composed of a GeO 2 shell between Ge QD and the SiO 2 matrix. On the other hand, sputter QDs suffer from a thicker interface with a more complex contribution of sub-stoichiometric Ge-oxide states that give rise to a graded interface, as schematically drawn in the inset of Fig. 4 . While a sharp interface allows a large tuning of E g through an effective exciton confinement and EM reduction, a spatially-graded interface gives rise to a weaker confinement effect. This evidence points out the paramount role of the interface in modifying the carrier confinement in nanostructures.
Finally, the effect of the interface in the quantum confinement of Ge QD is also visible in the trend of the Tauc coefficient B*. This quantity is directly proportional to the oscillator strength O s of light absorption through eqn (1). 40 In particular, O s is strictly connected to the confinement of excitons through the exciton envelope function, G nm (k), and the optical matrix element, P nm (k), according to the formula:
The increase of the oscillator strength is usually observed, both experimentally and theoretically, in highly confined systems having a dimension smaller than the exciton Bohr radius. 9, 47, 48 This effect is often explained only as a consequence of the increased electron-hole overlap G nm when the spatial dimension of the system is reduced. Our comparison between the sputter and PECVD Ge QDs illustrates two systems whose size variation is in the same range of 2-10 nm. Thus, we should expect quite a similar G nm factor for both types of QDs and, consequently, a similar trend for the variation of O s . However, this is clearly not the case. Fig. 4(b) shows the size-dependent variation of B* for PECVD and sputtered QDs. While PECVD QDs show an increased absorption efficiency for very strong spatial confinement, a fairly constant B* appears in sputtered samples over the same size range. The different behavior observed for our systems suggests that other factors must be considered. Indeed, the variation of the reduced EM (µ) on the spatial dependence of O s has to be considered. The better Ge-oxide quality and higher interface confinement potential in PECVD QDs yield a larger reduction in the reduced EM, which gives rise to an enhanced O s , according to eqn (3) , and therefore to the increased B* observed in Fig. 4(b) . In contrast, the different behavior found for sputter QDs is a consequence of their interface quality. The thicker and poorer the Ge-oxide quality at the interface, the weaker the exciton confinement is. This effect gives rise not only to a reduced confinement for what affects the energy dispersion relationship, but also to anomalous size-independent oscillator strength. Therefore, the role of the interface is a key factor in the optical behavior of nanostructures. This is fundamental not only for a full understanding of the QCE in nanostructures, but also for exploiting their optical properties through both the control of size and interface engineering.
Conclusions
In conclusion, we reported an exhaustive investigation on the role of the interface with respect to the quantum confinement effects occurring in Ge QDs. Closely packed arrays of 2-10 nm diameter Ge QDs in SiO 2 were produced by sputter and PECVD techniques. The structural quality and chemical composition of QD interfaces were investigated by extensive EELS analysis, which reveals a different interface in the two samples. In particular, a sharper and better quality interface was found for PECVD QDs, while sputtered QDs are characterized by a thicker interface shell containing twice the contribution of Geoxide states with respect to PECVD. Such a chemical and structural difference in the interface is the basis behind the different optical behaviour exhibited by Ge QDs. In fact, a large size-dependent tuning of both bandgap and optical oscillator strength is found for PECVD QDs. In contrast, sputter QDs exhibit a size-independent oscillator strength and only a moderate tuning of the bandgap. These differences were successfully explained by using a spatially dependent effective mass model, which accounts for the effect of the interface potential on exciton confinement. These results provide a new understanding of the role of interfaces on the quantum confinement effects in nanostructures. Moreover, our results indicate a further direction for an optimized exploitation of confinement effects in future nanostructure-based devices: not only by exploiting size effects, but also taking advantage of interface engineering.
